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Abstract

I describe a scheme for selectively isolating high density low longitudinal emittance beam particles in a storage ri
the rest of the beam without emittance dilution. I discuss the general principle of the method, called longitudinal momentu
mining, beam dynamics simulations and results of beam experiments. Multi-particle beam dynamics simulations applied
the Fermilab 8 GeV Recycler (a storage ring) convincingly validate the concepts and feasibility of the method, which I have
demonstrated with beam experiments in the Recycler. The method presented here is the first of its kind.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most important problems encounte
in high-energy hadron beam storage rings is to
lect only the high intensity, low emittance, region
thephase space of beam particles with minimal emit
tance dilution. Considerable progress has been m
over the years on techniques for doing this, broa
referred to as momentum mining[1,2]. Typically, the
region of interest in the beam particle distribution l
in the vicinity of thesynchronous particle[3]. Antipro-
ton storage rings both at CERN[4] and at Fermilab[5]
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have adopted what I call transverse momentum min
for extracting the dense beam from a stack of coo
beam particles. For example, in the antiproton Ac
mulator Ring at Fermilab, a part of the stored beam
captured adiabatically inbuckets of sinusoidal radio-
frequency (rf) waves withharmonic number h = 4 and
bucket area smaller than the total beam phase sp
area. Subsequently, the beam particles inh = 4 buck-
ets are pulled out radially from the main stack throu
acceleration. Once completely outside the main st
the particles are extracted. The shortcoming of
method is the inevitable beam disruption caused
the acceleration of the low emittance beam partic
through the main stack. This leads to longitudi
emittance growth of the beam left in the main sta
.
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Furthermore, if the beam extraction is carried out mul
tiple times, the bunches in the later extractions s
fer from lower particle densities and higher long
tudinal emittance. The overall longitudinal emittance
growth in the Accumulator Ring is found to be nea
300% during the entire extraction process. This le
to degraded proton–antiproton luminosity in the Te
tron [5].

Another method for proton mining using dual fr
quency amplitude modulation has been proposed[6,
7], which is very similar to the transverse minin
method.

In this Letter, I propose a new technique[8] for
mining beam particles from the high density region
the longitudinal phase space with minimal emittan
dilution. This novel technique depends crucially on
existence ofbarrier rf technology (which was intro
duced in 1983)[9] and the mining illustrated here
done using rectangular barrier rf buckets.

2. The principle of longitudinal momentum
mining

A particle beam in a storage ring is characteriz
by its energy spread�Ê about its synchronous energ
E0 and a characteristic transverse emittance. In
absence ofsynchro-betatron coupling these two quan
tities can be varied independently of each other. G
erally, the energy distribution of the particles in t
storage ring is approximately parabolic or Gaussia
shape with the synchronous particles at the peak.
Hamiltonian of any particle with energy�E relative
to the synchronous particle in asynchrotron is given
by [10,11]

(1)H(τ,�E) = − η

2β2E0
�E2 − e

T0

τ∫
0

V (t) dt,

whereη, T0 andβ are the phase slip factor, the re
olution period and the ratio of the particle velocity
that of light, respectively, and−τ is the time differ-
ence between the arrival of this particle and that
a synchronous particle at the center of the rf buc
V (t) is the amplitude of the rf voltage wave-form. W
identify the second term of the above equation as
potential energyU(τ) of the particles, given by

(2)U(τ) = − e

T0

τ∫
0

V (t) dt.

For a rectangular barrier bucket,V (t) is given by

(3)V (t) =
{−V0 for −T1 − T2/2 � t < −T2/2,

0 for −T2/2 � t < T2/2,

V0 for T2/2� t < T1 + T2/2,

whereT1 andT2 denote barrier pulse width and ga
between rf pulses as shown inFig. 1. A schematic view
of the rf wave form with the beam phase space bou
ary (dashed line in left figure) and the correspond
potential well, containing beam particles for a st
age ring operating belowtransition energy is shown
in Fig. 1(a).

The objective of longitudinal momentum mining
to isolate particles closer toE0 from the rest. This
is accomplished by adiabatically inserting a mining
bucket inside the existing well (between−T2/2 and
T2/2), as indicated by arrows inFig. 1(b) (left), so that
all particles with energy near the synchronous ene
including synchronous particles, drift to the lowest p
tential. It is important to note that the trapping of p
ticles takes place during the adiabatic opening of
mining bucket. Since the synchrotron oscillation pe
ods of the particles with energy closest toE0 are very
large, the drift times are very long. Therefore, to e
pedite the mining process, and to ensure the trap
of particles with energyE0, one can grow a negativ
pulse immediately to the right of the left-most rf pul
(at −T2/2) and shovel particles adiabatically to a
cation to the right indicated byTa . The final voltage
wave form for this configuration is given by

(4)V (t) =




−V0 for −T1 − T2/2 � t < −T2/2,

0 for −T2/2 � t < Ta,

−V1 for Ta � t < Tb,

0 for Tb � t < Tc,

V1 for Tc � t < T2/2,

V0 for T2/2 � t < T1 + T2/2.

The longitudinal emittance of the trapped particles
the mining bucket betweenTa � t < T2/2 is given
by εm = 2(Tc − Tb)�Em + 4T0|η|�E3

m/(3β2E0eV1)

where�Em = √
2β2eV1(Tb − Ta)E0/(T0|η|) ande is
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Fig. 1. Schematic view of longitudinal momentum mining using barrier buckets. Barrierrf voltage (solid lines) and beam particle boundary
(�E,τ )-phase space (dashed line) are shown on the left. The cartoons onthe right show potential well and the beam particles in it. (a) T
initial distribution, (b) after confining particles with low energy spreadin a deeper well and (c) after isolating particles with high and low ene
spreads.
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the electron charge. Finally, to isolate the remain
particles from those that are trapped, another rf bu
is opened in the region−T2/2 � t < Ta as shown in
Fig. 1(c). Thus are the particles with low longitudin
emittance mined while leaving the rest in the reg
−T2/2 � t < Ta .

One can think of numerous variations of the meth
described above. For example, one can start wi
cooled beam in a barrier bucket of pulse gap ofT2/2−
Ta instead ofT2, change the order of the rf manipul
tion sequences so that the particles near synchro
energy are never disturbed and still reach the stag
lustrated inFig. 1(c).

3. Application to the Fermilab Recycler

We have applied the scheme described abov
the beam in the Fermilab Recycler[12]. The Recy-
cler is an 8 GeV synchrotron storage ring that o
erates below the transition energy (γT = 21.6) and
hasT0 = 11.12 µs. This will be the main antiproto
source for the proton–antiproton collider program
Fermilab. The antiproton beam is stacked and sto
azimuthally in the Recycler using barrier buckets g
erated by a broad–band rf system[13] capable of pro-
viding rf pulses of 2 kV. The beam is cooled initial
using stochastic cooling[14] and is expected to b
cooled further with electron cooling[15] to � 54 eV s
longitudinally and� 7π mm mr transversely. We pla
to accumulate> 6×1012 antiprotons[16] in the Recy-
cler before they are transferred to the Tevatron. Eit
a part of the cooled beam or the entire stack will be
tracted in nine transfers of equal emittance and eq
intensities, each with four 2.5 MHz bunches. Th
there will be thirty six antiproton bunches in the Tev
tron from the Recycler. The longitudinal emittance
each bunch at the time of extraction is expected
be � 1.5 eV s. Stacking and unstacking of antipr
tons from the Recycler entails complicated sets o
manipulations[17]. In order to achieve high proton
antiprotonluminosity in the Tevatron, it is essentia
to maintain the emittance of the beam throughout th
chain of rf manipulations in the Recycler and to se
only a high density low longitudinal emittance bea
to the Tevatron.

Our testing of the method of longitudinal m
mentum mining in the Recycler was carried out
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two steps. First, computer simulations using a mu
particle beam dynamics code, ESME[18], were car-
ried out to establish the mining steps. Then, exp
ments were done with beam in the Recycler to dem
strate the technique.

3.1. Beam dynamics simulations

The simulation results presented here assume a
100 eV s of beam in the Recycler captured in a r
tangular barrier bucket. The primary goal was to m
54 eV s of the low longitudinal emittance high dens
part of the phase space distribution of the beam
capture the rest of the beam in a separate bucket.

Fig. 2 shows the beam particle distribution
(�E,τ )-phase space for different stages of mini
The beam distributions before and during mining
shown inFig. 2(a) (energy spread of±5.7 MeV) and
(b), respectively. The width and amplitude of the b
rier pulses used were, respectively, 0.9 µs and 2 kV
the initial distribution (Fig. 2(a)). Fig. 2(b) shows the
distribution after populating all of the low emittanc
particles to the right-hand side in a mining bucket (
dicated between two arrows). The size of the min
bucket was chosen to be 54 eV s with rf pulse am
tude of 0.27 kV, width of 0.34 µs and a pulse gap
6.13 µs. All particles with energy spread less than
bucket-height of the mining bucket are confined to
right-hand side while the rest move freely through
the original bucket. (These two cases correspond to
schematic picture shown inFig. 1(a) and (b).)

The isolation of 54 eV s low emittance high dens
beam was accomplished by opening a bucket (in
cated by an arrow inFig. 2(c)) of an area� 46 eV s;
the area and height of this bucket was chosen to
74 eV s and±21.7 MeV, respectively.Fig. 2(c) shows
the final phase space distribution after completion
mining. The total phase-space area was found to
preserved to better than 10% at the end of all rf m
nipulations. All of the emittance growth was seen
the 74 eV s bucket and occurred during the openin
this bucket.

Finally, the 54 eV s beam was divided into ni
bunches of equal intensity and equal longitudinal em
tance simply by adiabatic capture (e.g., seeFig. 3(b))
and, each of the nine bunches were further divided
four 2.5 MHz bunches each with 1.5 eV s and w
prepared for collider operation.
t

Fig. 2. Simulated barrier rf wave form (solid curve) and the (�E,τ )
phase-space distribution of 100 eV s antiprotons in the Recy
for (a) initial beam distribution of length 8.7 µs, (b) after popul
ing the low longitudinal emittance particles to the right-hand s
using −0.27 kV rf pulse. The arrows indicate the final locations
of the rf pulses used. In the simulation, the right side mining
pulse (+0.27 kV in height) was at a fixed position while the le
rf pulse was cogged iso-adiabatically from left to right during shov-
eling in about 15 s. (c) After longitudinal momentum mining; t
left bunch (indicated by an arrow) comprises of particles with h
energy spread (bunch area≈ 51 eV s) and the low longitudinal emit
tance particles are captured in theright-side bucket (bunch are
= 54 eV s).

The simulation clearly showed that the amount
beam mined was a strong function of the energy
tribution of particles. For a parabolic distribution, 74
of the beam was mined whereas for Gaussian dis
ution 64% was mined.

3.2. Beam studies

The beam tests were carried out using proton
the Recycler. About 170×1010 protons of longitudina
emittance 110± 15 eV s (95% emittance) and ener
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Fig. 3. (a) The measured and (b) predicted line-charge distribu
for 170×1010 proton after longitudinal momentum mining and ca
turing high density low longitudinal emittance particles in the n
buckets and the rest in the left most bucket.

spread of±(14.3± 0.6) MeV were stored in a 3.7 µ
wide rectangular barrier bucket of±2 kV pulse height.
The beam was stretched slowly to 8.7 µs and the
mentum mining was performed essentially followi
the sequence studied in the simulation. Experim
tally, the entire mining process took about 135 s wh
the simulation suggested about 110 s.

The wall current monitor data taken after the fo
mation of nine bunches are shown inFig. 3(a). The
average longitudinal emittance of the beam in th
nine buckets is 5.6 ± 0.6 eV s (95% emittance) an
the bunch on far left with particles of high ener
spread has longitudinal emittance of 55.5± 12.5 eV s
(95% emittance).Fig. 3(b) is the corresponding sim
ulated distribution. Experimentally, we find that abo
65% of the beam particles are mined in the n
smaller buckets to be compared with 74% predic
by our simulation. The difference is due primar
to the difference between the energy distribution
the assumed ideal parabolic distribution for the i
tial energy spectrum, and the energy distribution
the un-cooled beam used for the experiments. We
see some qualitative difference between the shape
the measured wall current monitor data (Fig. 3(a)) and
the predictions (Fig. 3(b)). This difference is mainly
attributed to (a) the initial energy distribution and (
the details of rf pulse shapes used in the experim
and the one in the simulation (which was rectangu
in shape).

4. Remarks on issues at high beam intensities

The simulations presented here are carried out
ing single-particle beam dynamics in which we ha
not included beam space-charge or wake fields effe
Ordinarily, these effects must be taken in to accou
However, for the case described above these eff
are negligible. It is well known that at sufficiently hig
beam intensities the wake fields play an important r
in the longitudinal beam dynamics and tend to disr
detailed manipulations of phase space. In the cas
the Fermilab Recycler, the average line-charge den
during mining for the Tevatron transfers is expec
to be about 2× 1010 antiprotons/µs/eV s [16] at its
design intensity. This is about a factor of four larg
than the starting beam line-charge density used for
experimental demonstration of longitudinal mome
tum mining, in which no instability was seen. Furth
more, calculations for Recycler[12] including space-
charge impedance and Landau damping indicate
the beam is stable even at 1× 1013 antiprotons in the
ring. Threshold impedance for microwave instabil
[19] for the Recycler is estimated to be about 75�,
which is smaller than the cavity impedances. If pro
lem arises it can be suppressed with the standard c
feedback techniques.

Recently, we have observed head-tail asymmetr
the longitudinal beam profiles for the stored beam
the Recycler in barrier rf buckets[20]. This asymmetry
is understood in terms of the potential well distorti
in the presence of the resistive impedance. We estim
that the baseline voltage inside the barrier bucket c
fining 6× 1012 antiprotons will be reduced by abo
100 V, which is just about 5% of the available peak
voltage. Applying corrections to the barrier waves
counter this distortion is a trivial task.
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5. Summary

I have proposed and validated a novel method
selectively isolating low longitudinal emittance pa
ticles and extracting them from a storage ring us
rf barrier buckets. The scheme has been studied
ing multi-particle beam dynamics simulations and
technique has been demonstrated with beam ex
iments in the Recycler using protons. This meth
of momentum mining has been successfully imp
mented and is used routinely for beam extraction from
the Fermilab Recycler. We have demonstrated the a
ity of this technique to extract antiproton bunches
constant longitudinal emittance and of constant int
sity for multiple beam extraction from the Recycl
with a variation� 10% both for intensity and the lon
gitudinal emittance from transfer to transfer. This fe
ture of the longitudinal momentum mining is one
main advantages over the transverse momentum
ing technique.

As a final note, I expect that the applications of t
technique described here to selectively isolate the high
density region of the phase space may not be uniqu
high-energy storage rings. This technique will be v
useful for particle beam manipulation in future acc
erators and it should have broad application in ot
low energy circular storage rings that use barrie
systems.
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